To fully exploit the environmental benefits of the biogas process, the digestate should be recycled as biofertiliser to agriculture. This practice can however be jeopardized by the presence of unwanted compounds such as heavy metals in the digestate. By using two-stage digestion, where the first stage includes hydrolysis/acidification and liquefaction of the substrate, heavy metals can be transferred to the leachate. From the leachate, metals can then be removed by adsorption. In this study, up to 70% of the Ni, 40% of the Zn and 25% of the Cd present in maize was removed when the leachate from hydrolysis was circulated over a macroporous polyacrylamide column for 6 days. For Cu and Pb, the mobilization in the hydrolytic stage was lower which resulted in a low removal. A more efficient two-stage process with improved substrate hydrolysis would give lower pH and/or longer periods with low pH in the hydrolytic stage. This is likely to increase metal mobilisation, and would open up for an excellent opportunity of heavy metal removal.
INTRODUCTION
Anaerobic digestion of organic material produces biogas, a clean and carbon dioxide neutral energy carrier. The methane rich biogas can replace fossil fuels in heat and/or electricity production or as traffic biofuel, which reduces the emissions of greenhouse gases by around 75% (Bö rjesson & Berglund 2006) . Implementation of biogas systems can also have several indirect environmental benefits, which strongly depend on the possibility of recycling the digestate as biofertiliser (Berglund 2006) . With increasing numbers of biogas production plants, this possibility for digestate disposal is crucial to maintain, and must not be adventured by the presence of unwanted pollutants. Hygienic risks, the risk for accumulation of heavy metals in soil and the increasing concentrations of brominated flame-retardants are examples of potential barriers for the use of digestate as biofertiliser that have been debated in Sweden (Bengtsson & Tillman 2004 ). An important feature of non-degradable pollutants as heavy metals is that they are enriched in the digestate. The higher the degradation efficiency of the biogas process, the higher the heavy metal concentrations in the digestate. Thus, also organic material with initially low metal concentrations could potentially be problematic to recycle as biofertiliser after efficient digestion.
For solid substrates, a two-stage process, where the 1st stage includes hydrolysis/acidification and liquefaction of the substrate and the 2nd stage includes methanogenesis, can be suitable. It has been shown that the acidic conditions in the 1st stage favours solubilisation and mobilisation of heavy metals from the solid biomass to the leachate, making them more assessable for removal (Lehtomä ki & Bjö rnsson 2006) . Substrates suitable for two-stage digestion include materials with high total solids (TS) content, such as energy crops or solid manure. Solid manure fractions are in Sweden today virtually unexploited for biogas purposes due to the difficulties with handling and the often low methane potential and nutrient content. In southern doi: 10.2166/wst.2008.054 Sweden alone, 500,000 tons of horse manure are produced annually by 45,000 horses, causing disposal problems. In Germany and Austria, farm-scale anaerobic digestion of energy crops has had a strong development. Maize was added in 80% of investigated German plants between 2002 (Weiland 2006 , while it constituted 38% of the substrate input in a selection of Austrian plants in (Braun et al. 2005 . Maize and horse manure were considered as interesting substrates for anaerobic digestion and were chosen as model substrates in this study.
Apart from constituting a problem in the environment, high heavy metal content also affects the biogas process (Leighton & Forster 1998; Zayed & Winter 2000) . Technologies for reducing the heavy metal content in the digestate are therefore important to develop. In this study, a new technology for removing heavy metals during digestion of substrates with low initial metal concentrations was investigated. The mobilisation of metals from maize and horse manure was monitored in pilot scale two-stage digestion. The possibility of capturing metals from the leachate by means of adsorption was then investigated in laboratory scale. The organic material dissolved in the 1st stage was transferred to the 2nd methanogenic stage as described by Lehtomä ki & Bjö rnsson (2006) . Samples from the substrates and digestates were analysed for TS and several heavy metals. Samples from the leachates were taken from the hydrolytic reactors and pH, COD and several heavy metals were measured. Tap water was analysed for heavy metals.
MATERIAL AND METHODS

Pilot scale experiments
Laboratory scale experiments
Metal adsorption
For adsorption of metals in leachate from laboratory experiments, macroporous polyacrylamide (pAAm) monolith columns (Protista Biotechnology AB, Lund, Sweden) were used. Due to their macroporous structure, these columns allow free passing of particulate containing fluids, making them suitable in this application (Plieva et al. 2004) . For metal adsorption, a metal chelating iminodiacetate (IDA) functionality was introduced to the surface of the pAAm columns as described by Arvidsson et al. (2003) . The IDA-pAAm columns used in this study had an adsorption capacity of 30-35 mmol Cu/ml of column (Plieva et al. 2005) .
Since IDA is known to form strong complexes with many heavy metals, other heavy metals where also expected to adsorb to the IDA-pAAm column (Anderegg et al. 2005) . Anderegg et al. (2005) also reported that the IDA stability constants are higher for heavy metals and transition metals than for alkali and alkali earth metals. This is important, since many alkali and alkali earth metals are important nutrients, which benefit the digestion process and the agricultural ecosystem and should not be removed.
Reactor systems
Maize was the only substrate used in laboratory scale investigations, and the digestion was carried out at mesophilic temperature conditions in a total of four 1 L hydrolytic reactors. In each of the four reactors, 200 g of maize (pieces of 20 -35 mm) and 200 ml of tap water was added. The leachate was circulated internally over the bed 
RESULTS AND DISCUSSION
Pilot scale experiments
In manure digestion, the pH decrease was moderate, with methanogenesis occurring already after 4 days in the 1st stage. Therefore, the 2nd stage was never connected. Horse manure was digested during 36 days. In maize digestion, phase separation was achieved, and the pH remained below 4.5 for 15 days. The 2nd stage was connected after 2 days and the digestion period was 63 days. Metal concentrations and pH for both leachates are shown in Figure 2 . Note the difference in scale for different metals, where some concentrations have been multiplied by a factor of 10 or 100 to allow comparison in the same graph (see also Figure 4 ).
The strongest metal mobilisation was seen in maize hydrolysis, where also the decrease in pH was the largest. Metal concentrations in substrates and digestates are shown in Table 1 . The heavy metals had been enriched in the digestates as expected. The substrates had similar metal contents before digestion, which makes it interesting to compare mobilisation data in the hydrolysis processes. The importance of a low pH for an efficient mobilisation is in this case clear. In manure digestion, Cd showed a rapid increase in concentration in the leachate followed by a rapid decrease. This is not the case in maize digestion where the rapid increase is followed only by a minor decrease. The reason for this remains unclear but pH might not be an as important parameter in the mobilisation of Cd as for other metals. Alkali and alkali earth metals that can benefit the digestion process and the agricultural ecosystem were not adsorbed in the IDA-pAAm columns. In Table 2 , the amounts of K, Ca, Mg, Fe, Mn, in the solid and liquid residues with and without IDA-pAAm are shown. Al, Co, and Mo were also measured, but were below detection limit in the substrate.
Laboratory scale experiments
CONCLUSIONS
A strong correlation between a low pH and a high degree of mobilisation of heavy metals in the first stage was seen.
Metal mobilisation was the limiting factor for the removal efficiency, and improved substrate hydrolysis, giving lower pH and/or longer periods with low pH in the hydrolytic stage, will be beneficial for this method. A more efficient hydrolysis of solid substrates, like energy crops, is in line with the ongoing development of more efficient digestion technologies needed to improve the over all energy efficiency and economy of the biogas process (Lantz et al. 2007 ). Heavy metals are constantly added to Swedish soils by deposition (SCB 2006) , but are in present agricultural practice also constantly removed with the food or fodder crops. Increasing the cultivation of energy crops for biogas production with recycling of digestate will likely cause heavy metal concentrations in soil to increase.
Thus, it is highly relevant to further investigate the possibility of applying the IDA-pAAm technology for metal removal in full-scale two-stage digesters. This technology could also be an interesting option for simultaneous biogas production and remediation of metal rich waste fractions. 
